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INTRODUCTION
Concentrating proteins in subcellular regions is used to create unique functional domains in polarized cells. This can be achieved by specifically transporting proteins from their sites of translation to subcellular regions through protein targeting sequences that are used for protein localization (Emanuelsson et al, 2007) . Transport of mRNAs to subcellular domains with subsequent localized translation in those domains is also used to spatially regulate protein levels within polarized cells. For some mRNAs, this localized translation imparts unique functions to the cell. For example, localization of β-actin mRNA to the migratory front of fibroblasts provides directed cell movement during cell migration (Shestakova et al, 2001) . These mechanisms have also been observed to occur in other cellular functions. For example, mRNAs encoding ribosomal proteins were recently shown to relocalize to the apical side of intestinal epithelium when fasted mice are fed (Moor et al, 2017) .
As remarkably polarized cells with widely separated and specialized subcellular domains, neurons have provided a very useful model system to both profile the populations of mRNAs that are transported into their axons and dendrites, as well as to test functions of proteins synthesized locally in these compartments (Kar et al, 2018; Terenzio et al, 2017) . Axons can extend to lengths that are more than 1000-fold longer than the neuron's cell body diameter, and localized synthesis of new proteins in distal axons provides a level of autonomy to respond to extracellular stimuli (Sahoo et al, 2018) . For example, both growth-promoting and growth-inhibiting stimuli regulate intra-axonal protein synthesis to support directional growth of axons and axon branching (Rangaraju et al, 2017; Terenzio et al, 2017) .
RNA profiling studies have shown hundreds to thousands of mRNAs localized into axons of sensory, cortical, retinal ganglion cell, and motor neurons (see (Kar et al, 2017) for a recent review). These populations include several mRNAs encoding proteins that can modify the axonal cytoskeleton, either directly through generation of microfilament, intermediate filament, and microtubule precursors or indirectly by generation of proteins that regulate polymerization, depolymerization, severing, or branching of the cytoskeleton.
Previous work from the Jaffrey group has shown the mRNA encoding the small GTPase RHOA, whose activation has been shown to trigger axon retraction, localizes into and is translated within axons in response to the axon repelling stimulus Semaphorin 3a (Wu et al, 2005) . RHOA belongs to the Rho GTPase family, that also includes cell division cycle 42 (CDC42) and RAC proteins. Rho GTPases regulate cytoskeleton organization and antagonistic functions among these family members have been reported in neurons (Etienne-Manneville & Hall, 2002) . For instance, RHOA activation leads to neurite retraction through an increase in actomyosin contractility and actin depolymerization, while CDC42 and RAC activation lead to neurite extension by promoting actin polymerization (Da Silva et al, 2003; Jalink et al, 1994; Luo, 2000; Luo et al, 1994) . Intra-axonal translation of RhoA mRNA increases after exposure to Semaphorins and chondroitin sulfate proteoglycans (CSPG) triggering growth cone repulsion and/or collapse. Depleting RHOA from axons prevents this growth cone collapse allowing axons to grow on CSPGs (Walker et al, 2012a; Wu et al, 2005) . These observations point to a role for intra-axonal mRNA translation in propagating the effects of growth inhibitory stimuli.
Here, we show that Cdc42 mRNA, whose protein product generates effects opposite of RhoA (Hall & Lalli, 2010) , is also translated in axons. The Cdc42 gene undergoes alternative splicing to generate two distinct Cdc42 mRNAs. We find that the mRNA encoding the prenylated CDC42 (prenyl-Cdc42; also known as the 'placental isoform'), but not the mRNA encoding the palmitoylated CDC42 isoform (palm-Cdc42; also known as the 'brain isoform'), localizes into axons and supports axon growth.
The prenyl-Cdc42 and palm-Cdc42 mRNAs have distinct C-termini and 3'UTRs (Wirth et al, 2013) , and the 3'UTR of the prenyl-Cdc42 mRNA drives its localization into axons. Both axonal localization of the prenyl-Cdc42 mRNA and an intact C-terminal CaaX motif for prenylation are needed to fully support axon growth. CDC42's contribution to axonal growth has been known for many years, and our data indicate that this function is uniquely driven by the prenyl-CDC42 isoform through axonal localization of the prenyl-Cdc42 mRNA and C-terminal modification of the locally translated protein product.
RESULTS

Prenyl-Cdc42 mRNA isoform uniquely localizes into axons -
The rat Cdc42 gene consists of 7 exons that generate two mRNA isoforms by alternative splicing of exons six and seven ( Fig 1A) . The splice variant ending with exon six encodes the palm-Cdc42 mRNA that generates a palmitoylated protein.
The splice variant where exon six is skipped to include exon seven encodes the ubiquitously expressed prenyl-Cdc42 mRNA that generates a prenylated protein (Wirth et al, 2013) . Thus, these two Cdc42 mRNAs have different 3'UTRs and they encode proteins with distinct C-terminal 11 amino acids. This alternative splicing of the Cdc42 gene product is conserved from fish to mammals (Table EV1 ). Mining published RNA sequencing (RNA-seq) data from axonal RNA isolates shows that the prenyl-Cdc42 mRNA isoform is expressed at higher levels than the palm-Cdc42 mRNA isoform in cultured embryonic mouse sensory and motor neurons, but an overall higher proportion of the prenyl-Cdc42 mRNA appeared to localize into axons compared to the palm-Cdc42 mRNA ( Fig EV1A-B) (Briese et al, 2016; Minis et al, 2014) . RNA-seq data from adult mouse DRG cultures similarly show higher proportion of the prenyl-Cdc42 mRNA in axons than the palm-Cdc42 mRNA ( Fig EV1C) . In contrast, published RNA-seq data for cortical neurons show near-equivalent proportions of prenyl-Cdc42 and palm-Cdc42 mRNAs in neurite preparations that contain both axons and dendrites ( Fig EV1D) . Together, these data suggest that Cdc42 mRNA isoforms are present in neuronal processes similar to what has been shown for RhoA mRNA (Walker et al, 2012b; Wu et al, 2005) , with potentially preferential localization of the prenyl-Cdc42 mRNA into the axonal compartment.
To determine if the prenyl-Cdc42 mRNA preferentially localizes into axons, we cultured L4-6 dorsal root ganglia (DRG) neurons from adult rat sensory neurons on a porous membrane to allow for purification of RNA from axons and cell bodies (Zheng et al, 2001) . Reverse transcriptase-coupled polymerase chain reaction (RT-PCR) showed that the axonal preparations contained Actb but not somatodendritic Map2 mRNA, cell body-restricted c-Jun and H1f0 mRNAs, or glial Gfap mRNA ( Fig 1B) .
Using droplet digital RT-PCR (RT-ddPCR), comparable levels of palmand prenyl-Cdc42 mRNAs were detected in the DRG cell body RNA preparations ( Fig 1C) . Prenyl-Cdc42 mRNA was relatively abundant in the axonal RNA isolates compared to palm-Cdc42 mRNA where only a few copies were detected ( Fig 1C) .
Fluorescence in situ hybridization (FISH) also showed prenyl-Cdc42 mRNA signal in axons, but the axonal signal for palm-Cdc42 mRNA was comparable to a scrambled probe control ( Fig 1D) . Notably, the axonal FISH signals for the prenyl-Cdc42 mRNA appeared granular ( Fig 1D) as has been described for transported neuronal mRNAs (Kar et al, 2018) . Quantitation of these FISH signals showed significantly less palm-Cdc42 mRNA than palm-Cdc42 mRNA in the axons, with comparable cell body levels of these two mRNAs ( Fig 1E-F) . Thus, the prenyl-Cdc42 mRNA localizes into axons of adult rat sensory neurons, while the palm-Cdc42 mRNA is largely restricted to the soma.
Prenyl-Cdc42 3'UTR drives axon localization -
Since axon-localizing motifs are often found in 3'UTRs (Andreassi & Riccio, 2009; Gomes et al, 2014) , we asked if the different 3'UTRs of palm-Cdc42 and prenyl-Cdc42 mRNAs, encoded by exons 6 and 7, respectively, are responsible for their distinct subcellular localization in the DRG neurons. Myristoylated (MYR) eGFP reporter constructs containing the 3'UTRs of prenyl-Cdc42 vs. palm-Cdc42 mRNAs (GFP MYR 3'palm-cdc42 and GFP MYR 3'prenyl-cdc42, respectively) were expressed in DRG cultures and FISH for GFP RNA was used to test for axonal localization. In these cDNA expression constructs and those used below, we refer to the 3'UTR as nt 731-1503 for palm-Cdc42 mRNA (NCBI RefSeq ID, XM_008764287.2) and nt 1147-2547 for prenyl-Cdc42mRNA (NCBI RefSeq ID, XM_008764286.2), while exons 6 and 7 consist of nt 641-1503 for palm-Cdc42 mRNA and 1057-2547 for prenyl-Cdc42 mRNA, respectively (with nt 641-697 in palm-Cdc42 and nt 1057 to 1113 in prenyl-Cdc42 encoding the same amino acids). Only the GFP MYR 3'prenyl-cdc42 transfected neurons showed detectable axonal GFP RNA signals (Fig 2A-C) . Axonal FISH signals for GFP MYR 3'palm-Cdc42 mRNA were not significantly different than those of the GFP MYR mRNA carrying the 3'UTR of γ-actin mRNA that has been previously shown not to localize into DRG axons (Willis et al, 2007) .
Thus, the 3'UTR from CDC42 exon 7 that is only included in the prenyl-Cdc42 mRNA is sufficient for axonal mRNA localization.
Alternative splicing of the Cdc42 gene product accounts for the different 3'UTRs of the endogenous prenyland palm-Cdc42 mRNAs. The GFP MYR constructs used above would not be subjected to these splicing events, and retention of proteins at splice sites or exon junctions has been suggested to impact subcellular localization and/or translation of the endogenous mRNAs (Le Hir et al, 2016) . To address this possibility, we generated Cdc42 'mini-gene' constructs that include GFP cDNA fused to rat Cdc42 exons 4, 5 and 6 or exons 4, 5 and 7 ( Fig EV2A) . Exons 4 and 5 were separated by the endogenous 103 nucleotide (nt) intervening intron; exons 5 and 6 or 5 and 7 were separated by a 500 nt intronic sequence downstream of exon 5 and plus 500 nt intronic upstream of exon 6 or 7. By RT-PCR, DRGs transfected with these mini-gene constructs showed PCR products at the anticipated sizes of the mature RNA for GFP + Cdc42 exons 4-6 and GFP + Cdc42 exons 4-5 + 7 ( Fig EV2B) . By FISH, GFP mRNA in cell bodies showed comparable levels for DRG neurons transfected with either the mini-gene (GFP + Cdc42 exons 4-6 and GFP + Cdc42 exons 4-5 and 7) and GFP cDNA + 3'UTRs of prenyl-Cdc42 and palm-Cdc42 constructs ( Fig EV2C) . Robust axonal localization was seen for the mini-gene construct containing Cdc42 exon 7 and the GFP-3'prenyl-Cdc42 cDNA constructs ( Fig EV2D) . mRNAs from neither the mini-gene containing CDC42 exon 6 or the GFP-3'palm-Cdc42 showed significant axonal localization above the GFP control construct ( Fig EV2D) , which we have previously shown does not localize into axons (Merianda et al, 2013). These data further emphasize that 3'UTR sequences encoded by exon 7 of the Cdc42 gene are necessary and sufficient for axonal localization, and this explains the more robust axonal localization of prenyl-Cdc42 compared to palm-Cdc42 mRNA.
We next asked whether the 3'UTR of prenyl-Cdc42 supports translation of the mRNA in axons by transfecting DRG neurons with the GFP MYR 3'prenyl-cdc42 and GFP MYR 3'palm-cdc42. The MYR tag of the GFP markedly limits diffusion of the protein in neurites so that sites of protein synthesis in dendrites and axons can be visualized using fluorescence recovery after photobleaching (FRAP) (Aakalu et al, 2001; Yoo et al, 2013; Yudin et al, 2008) . FRAP studies revealed that distal axons of DRGs expressing GFP MYR 3'prenyl-cdc42 mRNA showed significantly higher GFP MYR recovery after photobleaching than those expressing GFP MYR 3'palm-cdc42 mRNA ( Fig 2D-E) . Pre-incubation with the translation inhibitor anisomycin attenuated the post-bleach fluorescent recovery, indicating that the axonal GFP MYR 3'prenyl-cdc42 fluorescent recovery derives from protein that is locally synthesized in these axons ( Fig 2D-E) . The GFP MYR 3'palm-cdc42 did show more recovery than GFP MYR 3'γ-actin transfected neurons, which is consistent with the low axonal levels of palm-cdc42 mRNA seen by RT-ddPCR in Fig 1C. Nonetheless, these data show that the different 3'UTRs in prenyl-Cdc42 vs. palm-Cdc42 mRNAs are responsible for the preferential axonal localization of prenyl-Cdc42 mRNA in adult rodent sensory neurons.
Axonal prenyl-Cdc42 mRNA drives axon growth -CDC42 protein has been shown to localize to growth cones and its activation supports neurite outgrowth (Matsuura et al, 2004; Myers et al, 2012) . Recent work linked the prenyl-CDC42 protein isoform to axon specification in CNS neurons while the palm-CDC42 protein isoform was needed for dendritic spine development (Yap et al, 2016) . To determine whether axonal localization of prenyl-Cdc42 mRNA contributes to the known growth effects of CDC42 protein, we selectively knocked down prenyl-vs. palm-CDC42 or both using pan and isoform-specific siRNAs (siCdc42, siPrenyl and siPalm; Fig 3A) . RT-ddPCR analyses showed that the pan siCdc42 depleted both Cdc42 mRNA isoforms (Fig 3B-C) and decreased axon growth in the DRG cultures ( Fig 3D-E) . The siPalm depleted palm-Cdc42 mRNA with no effect on prenyl-Cdc42 mRNA level ( Fig 3B-C) . siPrenyl depleted prenyl-Cdc42 mRNA by more than 70%, but the palm-Cdc42 mRNA was also 40-50% decreased by the siPrenyl transfections ( Fig 3B-C) . siPrenyl significantly decreased axonal growth, at levels comparable to depletion of both mRNA isoforms using pan siCdc42, but the siPalm had no apparent effect on axon outgrowth (Fig 3D-E) The comparable effect of siCdc42 and siPrenyl on axon outgrowth would be consistent with the notion that axonally localizing prenyl-Cdc42 mRNA selectively supports axon growth. However, we could not rule out contributions of the palm-Cdc42 mRNA isoform to axon growth given that its levels were decreased by both siCdc42 and siPrenyl transfections. Thus, we tested the ability of siRNA-resistant ('siresistant') prenyl-Cdc42 and palm-Cdc42 constructs as GFP fusion proteins to rescue the decrease in axonal growth seen after pan-siCdc42 transfection ( Fig 4A) . Axon growth was only fully rescued by expressing the si-resistant prenyl-Cdc42 mRNA with its axonally localizing 3'UTR ( Fig 4B-C) . There was no rescue when the si-resistant prenyl-Cdc42 mRNA included the 3'UTR of the GFP construct ( Fig 4B-C) , which we had previously shown does not localize into DRG axons (Merianda et al, 2015) . The siresistant palm-Cdc42 mRNA similarly did not rescue the axon growth deficit in the siCdc42-transfected DRGs ( Fig 4B-C) . Consistent with these results, pharmacological activation of Cdc42 increased axon growth but this effect was lost in DRGs transfected with pan-siCdc42 or siPrenyl but not siPalm (data not shown). Taken together, these data indicate that the axonally localizing prenyl-Cdc42 mRNA, and not the non-localizing palm-Cdc42 mRNA, supports axon growth in adult sensory neurons. Notably, branching of axons was not affected by knockdown of CDC42 or rescue transfections with si-resistant prenyl-CDC42 or palm-CDC42 constructs ( Fig 4D) , indicating that CDC42 contributes to axon elongation and not axon branching.
Axonal RNA localization and prenylation motif of prenyl-Cdc42 mRNA are needed for optimal axonal
outgrowth -Although only differing by 11 amino acids, unique functions for prenyl-and palm-CDC42 protein isoforms in neurons have been reported in previous studies (Kang et al, 2008; Yap et al, 2016) .
We wondered if distinct subcellular localization of prenyl-Cdc42 and palm-Cdc42 mRNAs in the DRG neurons contributes to these unique functions and asked if targeting the palm-Cdc42 mRNA into axons would affect axon growth. For this, we generated si-resistant palm-CDC42 expressing cDNAs with its 3'UTR replaced by the axonal-targeting prenyl-Cdc42 3'UTR ( Fig 5A) . Pan-siCdc42 transfected DRG neurons showed partial rescue of axon growth with expression of the axonally-targeted si-resistant palm-Cdc42 mRNA ( Fig 5B) . This observation suggests that either CDC42 isoform can support axon growth, but only the axonally targeted prenyl-Cdc42 mRNA can fully rescue the axon growth deficit seen with knockdown of both CDC42 isoforms.
With different degrees of rescue by axonally targeted prenylvs. palm-Cdc42 mRNAs, we next asked whether the post-translational prenylation or palmitoylation accounts for the growth promoting effects of the axonally targeted prenyl-Cdc42 mRNA. The first 180 amino acids of palm-Cdc42 and prenyl-Cdc42 proteins are identical, with the distinct C-terminal 11 amino acids encoded by exons 6 and 7, respectively. The four C-terminal residues of these two Cdc42 isoforms contain CCaX and CaaX motifs for palmitoylation and prenylation, respectively (where C represents cysteine, a is an aliphatic amino acid and X is any amino acid) (Wirth et al, 2013) . The cysteines in the CaaX and CCaX motifs are covalently modified by prenylation and palmitoylation (Nishimura & Linder, 2013) , and mutating the cysteine residues to serine has been used to prevent these post-translational modifications (Wirth et al, 2013) . The CCaX motif in the palm-Cdc42 protein product (CCIF) can undergo an initial prenylation at the first cysteine followed by palmitoylation at the second cysteine (Wirth et al, 2013) . Thus, we generated si-resistant mutants for palm-Cdc42 with its C-terminal CCIF mutated to CSIF, SCIF, and SSIF and for prenyl-Cdc42 with its C terminal CVLL mutated to SVLL to block post-translational modifications of these protein ( Fig 5A) . Both the prenyl-Cdc42 and palm-Cdc42 mRNAs were targeted into the axons using the 3'UTR of prenyl-Cdc42 mRNA. The axonally targeted, si-resistant palm-Cdc42 SCIF and SSIF mutants did not significantly increase axon growth in the pan-siCdc42 transfected neurons ( Fig 5B) .
Axonally-targeted si-resistant prenyl-Cdc42 SVLL mRNA and palm-Cdc42 with intact CCIF motif showed partial rescue of axon growth in pan-siCdc42 transfected DRG cultures as compared to axonally targeted, si-resistant prenyl-Cdc42 with intact CVLL motif at its C-terminus ( Fig 5B) . Taken together, these data suggest that both axonal mRNA localization and the post-translational prenylation are needed for the full axon growth-promoting effects of the prenyl-CDC42 isoform, with the palm-CDC42 isoform only partially supporting axon growth when it is targeted into axons. Notably, axon branching did not show any significant change by expression of the either wild type or mutant CDC42 constructs ( Fig 5C) .
Prenyl-Cdc42 and Palm-Cdc42 proteins show distinct localizations in growth cones -Since axonally
targeted palm-Cdc42 mRNA with intact C-terminal CCIF motif did not promote axon growth to the same extent as prenyl-Cdc42 mRNA, we asked if prenyl-CDC42 and palm-CDC42 proteins show different localization along axons or within growth cones. We used high resolution confocal microscopy to visualize GFP-tagged prenyl-CDC42 and palm-CDC42 proteins in distal axons and growth cones of DRG neurons transfected with CDC42 constructs with or without axonally localizing 3'UTR encoded by Cdc42 exon 7 ( Fig 6A) . The protein product of the axonally targeted GFP-prenyl-Cdc42 mRNA showed fluorescent signals concentrated at the periphery of the growth cone, frequently with what appeared to be localization just beneath the axoplasmic membrane ( Fig 6B-C) . In contrast, GFP-prenyl-Cdc42 mRNA with C-terminal CVLL to SVLL mutation, which prevents prenylation of the protein product, showed lower signals in the growth cone and rare concentrated signals ( Fig 6D-E) . Removing the axonaltargeting 3'UTR from GFP-prenyl-Cdc42 mRNA gave protein signals that were similarly low in the growth cone and rarely concentrated at the growth cone periphery ( Fig 6F-G 3'UTR from the GFP construct, it would be expressed and translated as the GFP signals in axon shaft clearly show. Interestingly, targeting GFP-palm-Cdc42 mRNA into axons using the prenyl-Cdc42 3'UTR showed GFP signals that were quite similar to the prenyl-CDC42 SVLL mutant and cell body-restricted GFP-prenyl-Cdc42 expressing neurons (Fig 6H-I) . Robust GFP signals were observed along the axon shafts for each of these proteins (Fig 6B-I) . Thus, we conclude that the distinct localization of GFPprenyl-CDC42 to the periphery of growth cones is determined by both its axonal translation and intact CaaX motif.
DISCUSSION
Intra-axonal protein synthesis has been shown to contribute to axon growth during development and regeneration, and thousands of mRNAs are now known to localize into axons in vitro (Kar et al, 2018) . Though most studies on axonal protein synthesis have used cultured neurons, there is increasing evidence for protein synthesis in axons in vivo during development and after injury (Akins et al, 2017; Brittis et al, 2002; Jin et al, 2016; Kalinski et al, 2015; Shigeoka et al, 2016; Walker et al, 2012a; Willis et al, 2011) . Our data indicate that the mRNA for the prenylated isoform of CDC42, and not the palmitoylated CDC42 isoform, localizes into axons where its protein product promotes axon growth.
With roles in actin polymerization and filopodia formation, CDC42 protein function has long been linked to axon growth and cell migration (Hall & Lalli, 2010) . The palm-CDC42 and prenyl-CDC42 isoforms are generated by alternative splicing with differential inclusion of exons 6 and 7 in the mature mRNA isoforms, respectively (Chen et al, 2012) . Studies in cultured CNS neurons has pointed to differential roles for the palm-CDC42 and prenyl-CDC42 isoforms in dendrite maturation and axon specification, respectively (Yap et al, 2016) . Our data emphasize that axonal mRNA targeting through use of Cdc42 gene's exon 7 and axonal translation of the resulting mRNA are responsible for CDC42's axon growth promoting functions. Interestingly, many mRNAs that localize into axons are also translated in the soma, with the soma-derived protein product being transported into axons. Consistent with this, both the prenyl-CDC42 and palm-CDC42 proteins localize into axons when expressed with a cell body-restricted 3'UTR.
Alternative RNA splicing can increase the number of different proteins that can be generated from a single gene. Subcellular localization of mRNAs is most frequently driven by sequence motifs in 3'UTRs (Andreassi & Riccio, 2009; Gomes et al, 2014) . Previous studies showed that Importin β1, RanBP1, Stat3α and BDNF mRNA isoforms with long 3'UTRs can be selectively transported into neuronal processes Ben-Yaakov et al, 2012; Perry et al, 2012; Yudin et al, 2008) . Alternative polyadenylation site usage generates the 'long 3'UTR' variants of those mRNAs such that an RNA localization motif is presumably introduced from the additional 3'UTR sequences. RNA-seq from neurites of neuronally differentiated mouse neuroblastoma (N2A) and catecholaminergic neuronal tumor (CAD) cell lines recently showed a prevalence for distal alternative last exons and additional exon usage over differential poly-adenylation site usage for subcellularly targeted mRNA isoforms (Taliaferro et al, 2016) .
This prevalence was similarly seen for localizing mRNA isoforms in neurites from cultures of primary cortical neuron as well as axons from embryonic DRG neuron cultures. Moreover, Taliaferro et al. (2016) observed a shift of alternative splicing to favor mRNA isoforms with localizing 3'UTRs during neuronal differentiation of CAD cells (Taliaferro et al, 2016) . Although inclusion of CDC42 exon 7 rather than exon 6 selectively generates a Cdc42 mRNA isoform with axonally localizing 3'UTR, Cdc42 expression shifts from generating predominantly prenyl-Cdc42 mRNA to predominantly palm-Cdc42 mRNA during brain development (Makeyev et al, 2007) . Indeed, palm-CDC42 has been referred to as the 'brain Cdc42' isoform while prenyl-CDC42 is referred to as the 'placental Cdc42' isoform (Nicole et al, 1999 ), suggesting tissue specific functions for these differentially modified Cdc42 isoforms. The RNA-binding protein PTBP1 attenuates alternative splicing in non-neuronal cells by control of 5' splice site usage (Hamid & Makeyev, 2014) . PTBP1 was shown to suppress splicing of Cdc42 exon 6, making prenyl-Cdc42 mRNA the dominant splice variant when PTBP1 is expressed, and palm-Cdc42 mRNA the dominant splice variant when PTBP1 is not expressed (Makeyev et al, 2007) . Expression of miR-124 that targets PTBP1 mRNA increases during brain development such that PTBP1 levels fall as the nervous system develops (Hamid & Makeyev, 2014) . Interestingly, RNA-seq profiles from cultured embryonic motor and sensory as well as adult sensory neurons show higher levels of prenyl-Cdc42 than palm-Cdc42 mRNAs (Briese et al, 2016; Minis et al, 2014 ) ( Figure EV1) . In contrast to the maturing brain, these cultured neurons continuously extend axons, so it is possible that continued use of Cdc42 exon 7 helps to drive axon growth by generating prenyl-Cdc42 mRNA that localizes into growing axons.
Axonal CDC42 activity is increased by the axon growth-promoting BDNF and laminin and decreased by the chemo-repellant Slit2 (Myers et al, 2012; Wong et al, 2001; Yuan et al, 2003) .
Neuronal CDC42 has been shown to contribute to axon initiation, axon growth, and growth cone guidance (Hall & Lalli, 2010) . For example, selective localization of RAP1b and CDC42 at the tip of the presumptive axon is essential to initiate axon growth and establish polarity of neurons (Schwamborn & Puschel, 2004) . Linking CDC42 functions to axon growth has often relied on constitutively active or dominant negative mutations of CDC42 or depletion of both CDC42 isoforms as we have done in Figure   3 (Banzai et al, 2000; Chandran et al, 2016; Nishimura et al, 2005) . Overexpression of a single Rho GTPase was shown to competition for with endogneous RhoGTPases for binding to RHOGDI1, and this alter levels of those other RhoGTPases (Boulter et al, 2010) . Thus interpretation of studies using overexpression of dominant negative and constitutively active CDC42 mutants is complicated by this competition mechanism. Moreover, the expression constructs for these CDC42 mutants did not contain the axonally localizing 3'UTR encoded by Cdc42 exon 7 that would be needed to distinguish effects of palm-CDC42 and prenyl-CDC42 isoforms as we have used here. CDC42 proteins derived from the cell body-restricted palm-Cdc42 mRNA and prenyl-Cdc42 mRNA carrying the cell body-restricted GFP 3'UTR clearly get transported into distal axons. It will be interesting to consider if roles previously ascribed to CDC42 in axon specification and growth cone guidance are from the axonally translated prenyl-Cdc42 mRNA. Both BDNF and Slit2 have been shown to regulate protein synthesis in axons (Ming et al, 2002; Piper et al, 2006) , so we speculate that CDC42's role in axon guidance could be carried out by intraaxonal translation of prenyl-Cdc42 mRNA.
Recent work from the Makeyev lab showed differential functions of palm-CDC42 and prenyl-CDC42 for dendrite and axon growth from hippocampal neurons using isoform specific overexpression and knockdown/knockout approaches (Yap et al, 2016) . Specifically, their data showed that prenyl-CDC42 is required for development of the axon while palm-CDC42 is needed for maturation of dendritic spines. This implies differential localization of the two proteins, with neuronal polarity determined by the balance of the two. Though in our hands only prenyl-Cdc42 mRNA localizes into axons, RNA-seq data from cortical neuron cultures shows that both prenyland palm-Cdc42 mRNA isoforms are present in neurites (Taliaferro et al, 2016) . These preparations contain both axons and dendrites, so it is intriguing to speculate that palm-Cdc42 mRNA may localize into dendrites considering the relative absence of palm-Cdc42 mRNA from the axonal compartment. siRNA-based depletion of both CDC42 isoforms from hippocampal neuron cultures at DIV12 decreased dendritic spine numbers and this was rescued by expression of either prenyl-CDC42 or palm-CDC42 (Wirth et al, 2013) . It is not clear if 3'UTRs for either the prenyl-Cdc42 or palm-Cdc42 mRNAs were included in the expression constructs used by Yap et al. (2016) and Wirth et al. (2013) . Nonetheless, rescue of dendritic spine growth by prenyl-CDC42 and palm-CDC42 was lost with CaaX to AaaX mutation of prenyl-Cdc42 and CCaX to AAaX mutation of palm-CDC42 (Wirth et al, 2013) , emphasizing the importance for post-translational modification of CDC42's C-terminus. Notably in our hands, both the palm-Cdc42 and prenyl-Cdc42 mRNAs localize into dendrites (data not shown), so it is quite feasible that localized synthesis of either CDC42 isoform can contribute to dendritic growth.
Prenylation and palmitoylation modifications of CDC42 proteins increase protein hydrophobicity and facilitate association with cellular membranes. The axonally translated prenyl-CDC42 protein showed increased localization to the periphery of growth cones compared to the more central locations for cell body synthesized prenyl-CDC42, axonally-targeted prenyl-Cdc42 with mutated CaaX motif, or palm-Cdc42 targeted into axons with the 3'UTR of prenyl-Cdc42. Consistent with the distinct subcellular localization for axonally synthesized prenyl-CDC42, an intact CaaX motif for prenylation of CDC42 is needed for the full growth promoting effects of the axonally targeted prenyl-Cdc42 mRNA. In contrast, the palm-Cdc42 mRNA did not support axon growth when targeted into axons to the same extent as the axonally targeted prenyl-Cdc42 mRNA. Isoprenoid lipid attachments to cysteine residues in the Cterminal CaaX motif of prenyl-CDC42 promotes its subcellular localization to the plasma membrane and other cellular membrane comparts including ER, Golgi, and endosomes (Roberts et al, 2008) . Palm-CDC42 and prenyl-CDC42 proteins have been shown to have different mobilities in cell membranes so they may be targeted to different membrane domains. The prenyl-transferases, farnesyl transferase (FT) and geranylgeranyl transferase (GGT), catalyze addition of either farnesyl or geranylgeranyl isoprenoid lipids to cysteine in the CaaX motif. Both prenyl-CDC42 and RHOA, which is also synthesized locally in axons (Wu et al, 2005) , are substrates for GGT and not FT (Wirth et al, 2013) . On the other hand, both cysteines in the CCaX motif of palm-CDC42 can be palmitoylated or the first cysteine prenylated by GGT followed by palmitoylation of the second cysteine (Nishimura & Linder, 2013; Wirth et al, 2013) . It is not clear which of these two modifications of palm-CDC42 occur in the DRG neurons. GGT and FT proteins have been detected in proteomics screens of growth cones from embryonic rat brains (Estrada-Bernal et al, 2012) , so at least the terminal proteins needed for prenylation are present in distal axons. Based on previous publications, both CCIF and CSIF motifs would be substrates for GGT (Nishimura & Linder, 2013; Wirth et al, 2013) , and hence prenylation of locally synthesized CDC42 likely occurs in the growth cone.
Thus, our mutation data suggest that palm-Cdc42 mRNA targeted into axons through 3'UTR of prenyl- Cdc42 likely undergoes prenylation as the axonal growth deficit was partially rescued by axonally targeted palm-Cdc42 mRNA with intact CCIF but not with the SCIF or SSIF mutations. Furthermore, the growth promoting effects of prenyl-Cdc42 mRNA were lost when the mRNA restricted to the soma by replacing the 3'UTR with that of GFP.
In summary, our data indicate that the prenyl-CDC42 isoform specifically drives CDC42's axon growth promoting effects in adult sensory neurons though axonal translation of its mRNA. This growth promotion also requires an intact CaaX motif for post-translational prenylation of the axonally synthesized CDC42 protein. On first glance, our data seem to contradict a recent study that linked prenylation to slowed axon growth on myelin-associated glycoprotein (MAG), a substrate that inhibits axon growth (Li et al, 2016) . In cultured neurons, highly-selective FT inhibitors were more effective than GGT inhibitors for increasing axon growth, but the combination of the two showed synergistic effects (Roberts et al, 2008) . RHOA shows altered subcellular localization upon inhibition of GGT (Roberts et al, 2008) , and in contrast to the growth promoting effects of prenyl-CDC42 shown here, RHOA attenuates axon growth on non-permissive substrates like MAG and the protein is synthesized in axons (Walker et al, 2012b; Wu et al, 2005) . Previous studies have shown compensatory geranylgeranylation through GGT for some farnesylated GTPases when FT is inhibited (Roberts et al, 2008) , which could account for the increased efficacy of FT plus GGT inhibition seen by Li et al. (2016) . Our analyses of a single prenylated protein points to support of axon growth by this post-translational modification, but only when the protein is locally synthesized in axons. So global inhibition of prenylation may have distinct effects on axon growth from prenylation of locally synthesized proteins in axons.
MATERIALS AND METHODS
Animal use and neuron cultures -
All animal experiments were conducted under IACUC approved protocols. For DRG cultures, L4-6 ganglia were isolated from adult male Sprague Dawley rats (175-250 g) and dissociated with collagenase (Invitrogen). Cells were washed and then plated with DMEM/F12 (Cellgro) supplemented with 10% fetal bovine serum (Gemini Bio), 10 µM cytosine arabinoside (Sigma) and N1 supplement (Sigma). Cells were cultured on either glass coverslips or polyethylene-tetrathalate (PET) membrane (1 µm pores; Corning) inserts coated with poly-L-lysine (Sigma) and laminin (Millipore).
DRG cultures were transfected with 2-3 µg of plasmids using Amaxa Nucleofection device (Lonza)
with Basic Neuron SCN Nucleofector kit (Program SCN-8) before plating and maintained for 48-72 h. For depletion experiments, synthetic siRNAs (predesigned from IDT, 100 nM) were transfected into DRG neurons using DharmaFECT 3 and incubated for 3 DIV. For control, identical amounts of non-targeting siControl pools were used. RT-ddPCR was used to test the efficiency of depletion (see below). siRNA sequences were: siPrenyl (#1), 5' GUGUUGUCAUCAUACUAAAAGCAAU 3'; siPrenyl (#2), 5' GCAAUGUUUAAAUCAAACUAAAGAU 3'; siPalm (#1), 5' GUGAUCAGUAGUCACAUUAGACUUG 3'; siPalm (#2), 5' UCAGUAGUCACAUUAGACUUGUUUA 3'; siCdc42, 5' UGGUAAAACAUGUCUCCUG 3'.
Plasmid constructs -All fluorescent reporter constructs for analyses of RNA translation were based on eGFP with myristoylation element (GFP MYR ; originally provided by Dr. Erin Schuman, Max-Plank Inst., Frankfurt) (Aakalu et al, 2001) . To isolate the cDNA of rat Cdc42 (NCBI RefSeq ID: XM_008764286 for prenyl-Cdc42; XM_008764287 for palm-Cdc42), total RNA from rat DRG was reverse transcribed with SuperScript II (Invitrogen) and then amplified by PCR using PrimeStar HS polymerase (Takara). Primers for amplifying the prenyl-Cdc42 coding sequence and 3'UTR were engineered to contain terminal Not I and Sal I restriction sites. Using these restriction sites, the amplicons were then inserted into pEGFP-C3 (Clontech) vectors. Quikchange site-directed mutagenesis kit (Stratagene) was used to introduce point mutations of CaaX or CCaX motifs.
Fluorescence in situ hybridization and immunofluorescence -Myristoylated EGFP was fused with
3'UTRs of Cdc42 isoforms to test their axonal localization. Transfected DRG neurons were fixed 15 min in 4% paraformaldehyde (PFA) and hybridized with DIG-labeled GFP cRNA probes (Roche) as described previously . Sheep anti-DIG (1:100; Roche, # 11333089001) was used to detect probes with Cy5-conjugated donkey anti-sheep (1:200; Jackson Immunoresearch, # 713-095-003).
Endogenous Cdc42 isoforms were detected with 5' Cy5-labelled Stellaris probes (probe sequences available upon request; Biosearch Tech).
For immunofluorescence, neurons plated on glass coverslips were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. Cultures were permeabilized with 0.3% Triton X-100 in PBS for 15 min and incubated with primary antibodies for overnight in humidified chambers at 4°C. Chicken anti-NF (1:1,000; Aves labs, # NFL, NFM and NFH) was used for labelling neurons and FITC-conjugated donkey anti-chicken (1:200; Jackson Immunoresearch, # 703-095-155) were used as secondary antibodies. For visualization of GFP-tagged Cdc42 proteins in growth cones, rabbit anti-GFP (1:500; Abcam, # ab6556) and chicken anti-NF (1:1,000, Aves labs) was used for primary antibodies and FITC-conjugated donkey anti-rabbit (1:200; Jackson Immunoresearch, # 711-095-152) and Cy5-conjugated donkey anti-chicken (1:200; Jackson Immunoresearch, # 703-175-155) were used as secondary antibodies. Coverslips were washed with PBS and then incubated with secondary antibodies for an hour before mounting with Prolong anti-fade mounting solution (Invitrogen).
For analyses of FISH signals, images were obtained using an epifluorescence microscope equipped with ORCA ER CCD camera (Hamamatsu) using matched acquisition parameters (exposure time and gain). Pixel intensities were measured from distal axons from more than 50 neurons in three replicate experiments. GFP signals in the growth cone were detected by Leica SP8X confocal microscope with HyD detectors. Z-stack images were post-processed by Huygens deconvolution (Scientific Volume Imaging) integrated into the Leica LASX software (HyVolution). Deconvolved image stacks were projected into single plane images using the maximum pixel intensities.
RNA isolation and PCR analyses -RNA was isolated from dissociated DRG neurons or cell body/axon compartments collected from insert cultures using RNeasy Micro kit (Qiagen). Purified RNAs were quantified with Ribogreen (Invitrogen) and 10-50 ng of RNA were used for reverse transcription with SensiFAST cDNA synthesis kit (Bioline) according to the manufacturer's protocol. To assess the purity of axonal RNA, RT-PCR was performed with primers designed to detect cell body-restricted mRNAs (c-Jun, H1f0, Map2) and glial cell-specific mRNAs (Gfap). ddPCR was performed according to manufacturer's procedure (Biorad) with either Evagreen (Biorad) or Taqman probe assays (Integrated DNA Tech).
Hmgb1 mRNA levels were used for normalizing RNA yields across different isolates; we have previously shown that cell body and axonal RNA levels of Hmgb1 mRNA do not change after axotomy (Merianda et al, 2015) .
Axon growth analyses -For analyses of axon growth, dissociated DRGs grown on glass coverslips or
glass bottom 24 well plates were immunostained with neurofilament antibodies as described above.
Entire coverslip or bottom of the 24 well plates were scanned with ImageXpress Micro system (Molecular Devices) using a 20X objective. Stitched images were assessed for total axon length, longest axon length, and branching using WIS-Neuromath (Weisman Institute (Rishal et al, 2013) ) or ImageJ with NeuronJ plugin programs (ImageJ plugin; NIH). All neurons where axonal arbors could be traced by the software were assessed (≥ 75 neurons per group/per experiment).
Fluorescence Recovery after Photobleaching (FRAP) -FRAP analyses was performed with minor modifications (Vuppalanchi et al., 2010) . DRG neurons were transfected with GFP MYR 3'prenyl-Cdc42 or GFP MYR 3'palm-Cdc42 or GFP MYR 3'γ-actin as a negative control. Cells were maintained at 37°C, 5 % CO 2 during imaging sequences. The 488 nm laser line on Leica SP8X confocal microscope was used to bleach GFP signal (Argon laser at 70% power, pulsed every 0.82 sec for 80 frames). Pinhole was set to 3 Airy units to ensure full thickness bleaching and acquisition (63 X/1.4 NA oil immersion objective) (Yudin et al, 2008) . Prior to photobleaching, neurons were imaged every 60 sec for 2 min to acquire baseline fluorescence in the region of interest (ROI; 15 % laser power, 498-530 nm for GFP). The same excitation and emission parameters were used to assess recovery over 15 min post-bleach with images acquired Analysis of RNA-Seq data -Raw FASTQ files of GSE51572, GSE66230, and GSE67828 were downloaded from NCBI GEO database and adaptor sequences were trimmed as necessary (Briese et al, 2016; Minis et al, 2014; Taliaferro et al, 2016) . Unpublished axonal RNA-seq data from adult C57Bl/6 mouse DRGs were similarly analyzed using a standard analysis pipeline (https://github.com/icnn/RNAseq-PIPELINE.git). Briefly, reads were then aligned to mm10 genome using STAR with default parameters.
Mapped reads for mRNAs were counted by HTSeq and then normalized by trimmed mean of M values using EdgeR. Normalized counts were used to quantify levels of Cdc42 splice variants in axons, neurites or cell bodies. (Taliaferro et al, 2016) .
Statistical analyses -
Figure EV2: Axonal localization of prenyl-Cdc42 does not require splicing
A, Schematics of GFP-Cdc42 constructs designed to mimic pre-mRNA splicing differences between prenyl-Cdc42 and palm-Cdc42 mRNAs ('mini-genes') or mature mRNA ('cDNA'). B, Representative ethidium-stained agarose gel for RT-PCR to detect splice variants using primers outlined in A is shown.
The two lanes of for the Cdc42 mini-genes show replicate transfections. Amplification with primers 1 + 2 shows relatively equivalent expression across the transfections. Amplification with primers 3 + 4 and 3 + 5 shows anticipated splice variants for mini-gene constructs. Control is untransfected DRGs. C-D, Quantification of GFP mRNA signals from FISH for cell bodies (C) and axons (D). GFP was used as a negative control. Error bars represent SEM (N ≥ 30 neurons from 3 biological replicates; *** p < 0.001, * p < 0.05 by one-way ANOVA with pair-wise comparison and Tukey post-hoc).
